Abstract Ultrafast affinity extraction and a two-dimensional high performance affinity chromatographic system were used to measure the free fractions for various drugs in serum and at typical therapeutic concentrations. Pooled samples of normal serum or serum from diabetic patients were utilized in this work. Several drug models (i.e., quinidine, diazepam, gliclazide, tolbutamide, and acetohexamide) were examined that represented a relatively wide range of therapeutic concentrations and affinities for human serum albumin (HSA). The two-dimensional system consisted of an HSA microcolumn for the extraction of a free drug fraction, followed by a larger HSA analytical column for the further separation and measurement of this fraction. Factors that were optimized in this method included the flow rates, column sizes, and column switching times that were employed. The final extraction times used for isolating the free drug fractions were 333-665 ms or less. The dissociation rate constants for several of the drugs with soluble HSA were measured during system optimization, giving results that agreed with reference values. In the final system, free drug fractions in the range of 0.7-9.5 % were measured and gave good agreement with values that were determined by ultrafiltration. Association equilibrium constants or global affinities were also estimated by this approach for the drugs with soluble HSA. The results for the two-dimensional system were obtained in 5-10 min or less and required only 1-5 μL of serum per injection. The same approach could be adapted for work with other drugs and proteins in clinical samples or for biomedical research.
Introduction
Human serum albumin (HSA) is the most abundant transport protein in blood, with a normal concentration of 30-50 g/L (or 450-750 μM) [1, 2] . This protein can bind to and transport many drugs through reversible interactions. These interactions, in turn, can affect such processes as drug metabolism, absorption, distribution, and excretion [3] [4] [5] . For instance, this binding leads to the creation of both a protein-bound fraction for a drug and a free (or non-bound) fraction. The free fraction for many drugs is generally considered to be the active form because it is this form that can cross cell membranes or bind to receptors [2, 3, 5] .
These features make the measurement of free drug fractions and the study of drug-protein interactions in serum of interest when characterizing both existing drugs and new drug candidates [5] [6] [7] [8] . However, the isolation and measurement of free drug fractions in serum can be difficult due to the many chemicals that are present in such a sample [5, [9] [10] [11] . In addition, the free fraction may be only a small part of the total amount of drug that is present. This means it must be possible to measure a relatively small concentration for this fraction in the presence of a much larger concentration of the corresponding protein and protein-bound drug fraction [5] [6] [7] [8] [9] [10] [11] .
Two common methods that are used to measure free drug fractions are ultrafiltration and equilibrium dialysis [7, 8, 12, 13] . Unfortunately, these methods typically require relatively long separation or analysis times and need moderate-to-large amounts of sample. The adsorption of drugs to the membranes or other system components that are used in these methods also must be considered to avoid introducing errors into the final free fraction values [7, 8, 12, 13] . Many other analytical methods have been employed to study drug-protein interactions [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Examples are isothermal titration calorimetry, affinity chromatography, X-ray crystallography, surface plasmon resonance (SPR) spectroscopy, capillary electrophoresis, and nuclear magnetic resonance spectroscopy, as well as equilibrium dialysis and ultrafiltration [1, 7, 8, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . However, many of these techniques employ simple aqueous samples for drug-protein interaction studies and can be difficult to use directly with a complex sample such as serum [18] [19] [20] 24] . In addition, techniques such as SPR and traditional affinity chromatography, which make use of immobilized binding agents, need to first be validated when they are employed in studying an interaction that normally occurs in solution [17, 29] .
Alternative techniques based on ultrafast affinity extraction have recently been developed to measure free drug fractions and to estimate binding parameters for solution-phase drugprotein interactions [3, 7, 8, 10, 11, 24, 30, 31] . In this approach, the free drug fraction is rapidly extracted from a sample (i.e., in few seconds or less) by using a small affinity column that contains an immobilized binding agent for the drug of interest. This free fraction is then measured directly as it elutes form the affinity microcolumn [3, 10, 24] or indirectly through the use of a method such as an on-line displacement immunoassay [7, 30, 31] .
A number of recent applications have been reported for ultrafast affinity extraction. For instance, this method has been used in combination with a chiral separation to analyze the free fractions for the enantiomers of warfarin (i.e., a drug with strong binding to HSA at Sudlow site I) in aqueous solutions and in serum [10] . In addition, affinity microcolumns and ultrafast affinity extraction have been combined with longer affinity columns to measure the free fractions of sulfonylurea drugs in aqueous protein solutions and at therapeutic levels [11] . Ultrafast affinity extraction has also been used to examine the thermodynamics and kinetics of drug-protein interactions in aqueous solutions, through the use of immobilized HSA as a secondary binding agent to separate a free drug from its protein-bound form in these samples [3] . Some general advantages that have been noted for ultrafast affinity extraction in these applications are the ability of this method to provide results in a matter of minutes, its ease of automation, and its need for only a small amount of sample per injection [3, 10, 11] .
In this study, ultrafast affinity extraction will be further developed and adapted for use in a two-dimensional high performance affinity system to measure the free fractions for various drugs at therapeutic concentrations in human serum and to directly study drug-protein binding in these biological samples. The samples to be examined will include pooled serum from both normal individuals and diabetic patents. Immobilized HSA will be used as the stationary phase in the affinity columns due to its relatively fast and reversible binding to a large number of drugs with a moderate affinity [1-4, 10, 32] , as well as its ability to later elute these drugs under isocratic conditions and at a physiological pH [3, 10, 11] . Several factors will be considered when developing the two-dimensional affinity system. These factors will include the flow rate and column size that are used to isolate the free drug fraction, as well as the conditions that are employed to couple ultrafast affinity extraction with a second affinity column for further separation and measurement of the free fraction [3, 11] . Several model drugs with various binding sites for HSA, as well as a relatively wide range of therapeutic concentrations and affinities for this protein, will be used to evaluate this approach. The results should provide important information on the relative advantages or potential limitations of using ultrafast affinity extraction for measuring free drug fractions and for examining drug-protein binding directly in biological samples. This information should also provide general guidelines that can be used in the future to adapt this technique for work with other drugs, proteins, or samples of interest in clinical chemistry, pharmaceutical science, or biomedical research [1] [2] [3] [4] [5] [6] .
Experimental Reagents
The HSA (Cohn fraction V, essentially fatty acid free, ≥96 % pure), human serum (from male AB plasma, H4522, lots 039 K0728 and SLBJ1038V, HSA concentrations of 42 and 33 g/ L, glucose concentrations of 4.3 and 5.4 mM; sterile filtered and tested negative for HIV-1/2 and hepatitis B/C), tolbutamide, acetohexamide, gliclazide, diazepam, quinidine, and racemic warfarin were from Sigma-Aldrich (St. Louis, MO, USA). The pooled serum was prepared using de-identified and pre-existing samples from diabetic patients who had HbA1c levels ranging from 8.1 to 12.6 %, with this pooled serum having an HSA content of 44 g/L (provided by W. Clarke, Johns Hopkins University School of Medicine, Baltimore, MD, USA; this work was determined to be exempt from IRB review by the Johns Hopkins School of Medicine, according to the Code of Federal Regulations-45 CFR 46.101 b). Based on their HbA1c levels, the clinical samples that were used to prepare this pooled serum had estimated glycated HSA levels in the range of 21-38 % and glucose concentrations of 10-20 mM [33, 34] . The commercial samples of normal human serum were estimated through a similar approach and from their glucose concentrations to have HbA1c levels of 4-5 % and glycated HSA levels of 6-9 %. All of the serum samples were kept in BSL-2 facilities and handled according to standard procedures for dealing with materials that may contain blood-borne pathogens. The reagents for the bicinchoninic acid (BCA) protein assay were purchased from Pierce (Rockford, IL, USA). The Nucleosil Si-300 silica (300 Å pore size, 7 μm particle diameter) was from Macherey Nagel (Dűren, Germany). All buffers and aqueous solutions were prepared using water from a Milli-Q Advantage A 10 system (EMD Millipore Corporation, Billerica, MA, USA) and were passed through Osmonics 0.22 μm nylon filters from Fisher (Pittsburgh, PA, USA).
Apparatus
A Prep 24 pump from ChromTech (Apple Valley, MN, USA) was used to pack the columns that were used in this study. The chromatographic system included a PU-2080 Plus pump, an AS-2057 autosampler, and a UV-2075 absorbance detector from Jasco (Easton, MD, USA), plus a six-port LabPro valve from Rheodyne (Cotati, CA, USA). This system was controlled by ChromNAV v1.18.04 software and LCNet from Jasco. A CHM column heater and a TCM column heater controller from Waters (Milford, MA, USA) were used to maintain a temperature of 37.0 (±0.1)°C for the columns during all experiments. Chromatograms were analyzed by utilizing PeakFit v4.12 software (Jandel Scientific, San Rafael, CA, USA). A temperature-controlled 5702RH centrifuge from Fisher was used in the ultrafiltration studies, along with Ultracel YM-T cellulose membranes (30 kDa, cutoff) from EMD Millipore.
Column preparation
In the ultrafiltration and ultrafast affinity extraction studies, the support and stationary phase consisted of Nucleosil Si-300 silica that had been converted into a diol-bonded form and used to immobilize HSA by the Schiff base method, as described in ref. [35] . A control support, in which no HSA was added during the immobilization step, was prepared by the same process. The protein content of the final HSA support was determined in quadruplicate through a BCA assay by using HSA as the standard and the control support as the blank [36] [37] [38] [39] [40] . This assay gave a content of 59 (±1) mg HSA/g silica.
HSA affinity columns with sizes of 5×2.1 mm i.d., 10× 2.1 mm i.d., 20 mm×2.1 mm i.d., and 25 mm×2.1 mm i.d. were packed into standard stainless steel housings using pH 7.4, 0.067 M potassium phosphate buffer as the packing solution. Guard columns with a size of 1 mm×2.1 mm i.d. were packed in a similar manner with the control support but using a frit-in-column design, as described in ref. [40] . The packing pressure was 3,000 psi (20 MPa) for the 1-and 5-mm-long columns and 4,000 psi (28 MPa) for the 10-, 20-, and 25-mmlong columns. Each of these columns was stored at 4°C in pH 7.4, 0.067 M phosphate buffer when not in use. The affinity microcolumns that were used for free drug extractions were stable for at least 150 injections, and the longer analytical affinity columns could be used for at least 250 injections. For instance, no significant changes in retention (at the 95 % confidence level) were noted on the HSA microcolumns for injections of racemic warfarin (used as a control) or acetohexamide that were made over the course of 150-200 sample injections and during the free drug fraction measurements. In addition, no significant carryover effects (at the 95 % confidence level) were noted, with only random variations of ±0.35-19 % in the peak areas being seen over the course of four replicate injections for each drug/serum sample that was examined in this study.
Chromatographic studies
The two-dimensional affinity system that was used in this study is illustrated in Fig. 1 . A 1 mm×2.1 mm i.d. guard column was used to protect the HSA microcolumn from particulate matter in the serum samples. The HSA microcolumn was used to extract the free drug fractions. The second, longer HSA column was later placed on-line with the HSA microcolumn to further separate the extracted free drug fraction from other sample components, such as any drug that had dissociated from proteins in the sample during passage through the HSA microcolumn [11] . The wavelengths that were employed for detection were tolbutamide, 227 nm; acetohexamide, 248 nm; diazepam, 230 nm; gliclazide, 226 nm; quinidine, 331 nm; and warfarin, 308 nm. The approximate molar absorptivities at these wavelengths and in pH 7.4, 0.067 M phosphate buffer for the drugs that were used in the free fraction measurements were as follows, in units of L/(mol cm): tolbutamide, 1. The mobile phase used for all of these columns was pH 7.4, 0.067 M phosphate buffer. Most of the drugs were dissolved in this buffer to give working stock solutions which contained approximately 8,070 μM tolbutamide, 730 μM gliclazide, 123 μM diazepam, or 480 μM quinidine. These solutions were spiked into the commercial preparations of normal human serum or the pooled serum from diabetic patients. These spiked samples were prepared by dissolving approximately 10 μL of each drug solution into 300 μL of serum. Samples containing only the drug and no protein were prepared in the same manner but by combining the stock solution of the drug with pH 7.4, 0.067 M phosphate buffer instead of serum. The final samples that were made in this manner contained 275 μM tolbutamide, 23 μM gliclazide, 3.5 μM diazepam, or 10 μM quinidine, which were within the typical therapeutic ranges for these agents (i.e., 184-370 μM tolbutamide, 15-31 μM gliclazide, 0.7-7.0 μM diazepam, or 3-15 μM quinidine) [2, 41] . The HSA concentrations in these drug/serum mixtures ranged from 479 to 646 μM and were representative of the normal physiological levels for this protein [2] .
An alternative approach was used to make the serum samples that contained acetohexamide. In this case, 1 mg of acetohexamide was dissolved directly in 14.28 mL of human serum, with 268 μL of this spiked mixture then being mixed with 150 μL of the original serum. The concentration of acetohexamide in this final spiked serum sample was 138 μM, which was within the normal therapeutic range for this drug (i.e., 61-216 μM) [41] . The concentration of HSA in the final spiked serum sample was the same as the original content of the serum. Samples containing acetohexamide alone were prepared in the same manner but with this drug being dissolved in and diluted with pH 7.4, 0.067 M phosphate buffer instead of serum.
The flow rates, column sizes, and valve switching times that were used to study the interactions of diazepam or quinidine with HSA were optimized as described in the "Results and discussion" section. The HSA microcolumns that were used in the final system to extract the free drug fractions had the following dimensions: 5 mm×2.1 mm i.d. for tolbutamide, acetohexamide, and diazepam and 10 mm×2.1 mm i.d. for gliclazide and quinidine. The flow rates that were employed to inject samples onto these HSA microcolumns were as follows: 2.25 mL/min, tolbutamide; 2.5 mL/min, acetohexamide or gliclazide; and 3.0 mL/min, diazepam or quinidine. The injection volume was 1 μL for tolbutamide, acetohexamide, and gliclazide and 5 μL for quinidine and diazepam.
The size of the second HSA column in the final system was 10 mm×2.1 mm i.d. for tolbutamide, acetohexamide, and diazepam and 25 mm×2.1 mm i.d. for gliclazide and quinidine. A six-port valve was used to control the time at which this second column was placed on-line with the first HSA microcolumn. The times for this switching event were 1.2 min after sample injection for tolbutamide, 1.5 min for acetohexamide, 0.6 min for diazepam, 0.7 min for gliclazide, and 0.4 min for quinidine. The flow rate was changed at this same time to 0.50 mL/min for tolbutamide, gliclazide, and quinidine and 0.75 mL/min for acetohexamide and diazepam during the second portion of the separation. The free drug concentration was determined by comparing the resulting peak area to that which was obtained for standards containing only the drug [10] . The free fraction was calculated by dividing the free drug concentration by the total concentration of the drug in the sample [3, 10, 24] .
Ultrafiltration studies
Each ultrafiltration tube was washed three times with 1 mL of water, followed by three similar washing steps with pH 7.4, 0.067 M potassium phosphate buffer. The spinning speed and time used in these washing steps were 1,500×g and 5 min. After the last washing step, the buffer in the tube was decanted. The remaining buffer was removed by spinning the ultrafiltration device at 1,500×g for 15 min. One milliliter of a drug or drug/protein sample in pH 7.4, 0.067 M phosphate buffer or in serum and at the same concentrations as used in the chromatographic studies was placed into a washed ultrafiltration tube and spun at 1,500×g and 37°C. The spinning time for a solution of the drug alone or a drug in serum was 1.5 or 10.0 min, respectively, based on data from previous ultrafiltration studies [10, 11] .
The filtrates were injected onto a chromatographic system for measurement of the free drug fraction. The injection volume was 20 μL for the filtrates containing gliclazide, quinidine, or diazepam and 2 μL for the filtrates containing tolbutamide or acetohexamide. The columns used in these measurements contained the same immobilized HSA support as used in the affinity microcolumns but had the following dimensions: quinidine, 20 mm × 2.1 mm i.d.; gliclazide, 10-20 mm × 2.1 mm i.d.; and diazepam, tolbutamide, or acetohexamide, 5 mm×2.1 mm i.d. Standards containing these drugs in pH 7.4, 0.067 M phosphate buffer were injected under the same conditions. The mobile phase was pH 7.4, 0.067 M phosphate buffer, which was applied at a flow rate of 0.5 mL/min for gliclazide, quinidine, and tolbutamide; 0.25 mL/min for diazepam; or 0.75 mL/min for acetohexamide. The detection wavelengths and system temperature were the same as described earlier for ultrafast affinity extraction. The concentration of the drug in each filtrate was found by comparing the peak areas obtained for both the filtrate samples and standard solutions. The free drug fraction was calculated in the same manner as described for ultrafast affinity extraction. Fig. 1 General scheme used for the isolation of a free drug fraction from the drug's proteinbound form and other components in serum through the use of ultrafast affinity extraction and a two-dimensional affinity system
Results and discussion
Optimization of conditions for ultrafast affinity extraction
Several drugs with a relatively wide range of binding strengths for HSA and therapeutic concentrations were used as models to investigate the use of ultrafast affinity extraction to measure free drug fractions in serum. The structures of these drugs are given in Fig. 2 . Quinidine is an antiarrhythmic drug that binds at Sudlow site II of HSA [1, 22] . Diazepam is a benzodiazepine that is generally believed to have one major binding region on HSA, which is located at Sudlow site II [1, 42] . Tolbutamide, acetohexamide, and gliclazide are sulfonylurea drugs that are used to treat type II diabetes and that interact with HSA at both Sudlow sites I and II [36] [37] [38] [39] . These agents have previously reported affinities for HSA that range from 10 3 to 10 6 M −1 [1, 3, 11, 20, [42] [43] [44] and typical therapeutic concentrations that span from 0.7 to 7.0 μM for diazepam to 184-370 μM for tolbutamide [2, 41] . These features made this group of drugs useful as models for examining the performance of the ultrafast affinity extraction/two-dimensional affinity system as it was used to measure a variety of free fractions and free drug concentrations. The residence time for the sample as it passes through an affinity extraction column is an important factor to consider during the isolation of a free drug fraction from its corresponding drug-protein complex. This time can be adjusted by changing the size of the affinity extraction column or by altering the flow rate [3, 7, 8] . For drugs such as tolbutamide and acetohexamide, which have relatively strong binding to serum proteins (i.e., association equilibrium constants or global ), was analyzed by using a longer 10 mm×2.1 mm i.d. HSA microcolumn. The same type of longer microcolumn was used with quinidine, which has an affinity for soluble HSA in the range of 0.1-5×10 4 M −1 [1, 44] .
The effect of the injection flow rate on the measured free drug fractions was also considered. Figure 3 illustrates this effect. The data in this figure were obtained for injections of diazepam and quinidine or mixtures of these drugs with soluble HSA, as made onto 5 or 10 mm ×2.1 mm i.d. HSA microcolumns. It was found that low-to-moderate injection flow rates (i.e., 0.5-2.0 mL/min for diazepam and 0.25-2.50 mL/min for quinidine) resulted in high values for the apparent free drug fractions. However, when the flow rate was raised above 2.5 mL/min for diazepam or above 3.0 mL/min for quinidine, a consistent free drug fraction was obtained. The high values seen at low-to-moderate flow rates were caused by dissociation of these drugs from their complexes with soluble HSA while the samples were passing through the affinity extraction microcolumns [3, 7, 10, 24, 31] . This dissociation was minimized at high flow rates as the sample residence time in the column was decreased, which allowed the original free fraction of the drug to be determined at these higher flow rates. A consistent free fraction was The maximum sample residence times that gave similar behavior for the other model drugs during the process of ultrafast affinity extraction were 415 ms for tolbutamide, 333 ms for acetohexamide, and 665 ms for gliclazide [11] .
These flow rate and residence time data were also used to estimate the dissociation rate constant (k d ) for each drug with soluble HSA. This was done by using Eq. (1) and the apparent free drug fractions that were measured at low-to-moderate flow rates [3] .
In Eq. (1), F 0 is the original free fraction of the drug in the sample, as is measured at or above a flow rate that provides minimal dissociation of this drug from soluble proteins in the sample during passage through the affinity extraction column. The term F t is the apparent free drug fraction that is measured at a given column residence time t. The value of t is also equal to the column void time, which can be calculated by using the flow rate and column void volume [3] .
As is indicated by Eq. (1), a drug-protein system that undergoes essentially first-order dissociation as it passes through the affinity extraction column should provide a linear relationship with an intercept of zero when ln[(1−F 0 )/(1−F t )] is plotted against t. Figure 4 shows examples of such linear relationships, as were obtained from the affinity extraction experiments that were conducted with quinidine or diazepam in the presence of soluble HSA. These particular plots gave correlation coefficients of 0.990-0.999 (n=5-6) and intercepts that were equivalent to zero at the 95 % confidence level. Similar behavior has been noted for the other drugs that were considered in this study [3] . The dissociation rate constants for these systems were then determined from the slopes of the best-fit lines for these plots. Table 1 shows the dissociation rate constants that were estimated by using Eq. (1) [3] .
Optimization of conditions for two-dimensional affinity system
When working with a complex matrix such as serum, the large amount of proteins or other sample components that are present may make it difficult to obtain good resolution between the non-retained and retained peaks on an HSA microcolumn at high flow rates, such as those used in the previous section. To avoid this problem, ultrafast affinity extraction was carried out as part of a two-dimensional affinity system [10, 11] . This was achieved by placing a second and longer HSA column on-line after samples had passed through the microcolumn that was used for ultrafast affinity extraction. In this system, part of the free drug fraction that was retained by and later eluted from the affinity microcolumn was delivered to the second column for further separation and analysis. This technique has been shown in prior work to improve the separation of the retained free drug fraction from other sample components, including serum proteins or any protein-bound drug in the sample that had undergone dissociation during its passage through the affinity extraction column [10] . In this two-dimensional method, the time for switching the valve to place the second column on-line with the first is an important factor to consider, as it determines the amount of a drug and its free drug fraction that are transferred to the second column [10, 11] . This time was optimized by using samples that contained only the drug or a mixture of this drug plus soluble proteins, which were each present at typical therapeutic or physiological concentrations. In the case of quinidine, a sample containing 10 μM quinidine in the presence or absence of 600 μM soluble HSA was injected onto a 10 mm×2.1 mm i.d. HSA column at an initial flow rate of 3.0 mL/min for ultrafast affinity extraction, as optimized in the previous section. The retained drug was then delivered to a 25 mm× 2.1 mm i.d. HSA column at various times after sample injection. Figure 5a provides examples of the retained drug peaks that were transferred to this second column for quinidine when the switching event occurred at 0.30, 0.35, 0.40, or 0.50 min after injection. The flow rate was also decreased to 0.50 mL/ min as the second column was placed on-line. It was found in this two-dimensional system that the retained drug gave a peak maximum that occurred at 4.3-5.2 min after sample injection. Diazepam, tolbutamide, acetohexamide, and gliclazide provided similar chromatograms, in which peak maxima were observed at 7.5-7.9, 7.6-8.2, 9.6-10.0, or 7.6-7.8 min, respectively, under the final conditions that are given in the "Experimental" section. This allowed the use of ultrafast affinity extraction with the two-dimensional system to measure the free fractions for these drugs in serum with analysis times of only 5-10 min per injection.
The timing of the switching event was important to consider in that it could create some changes in the apparent free drug fractions that were measured. This effect is illustrated in Fig. 5b for injections that were made onto the twodimensional system for a sample of 10 μM quinidine or a mixture of this drug with 600 μM HSA. A time for the switching event that was too short caused an overestimation in the free drug fraction, due to contamination of this fraction by dissociation of the original drug-protein complex in the sample. When the time for the switching event was made longer (e.g., at least 0.40 min in Fig. 5 ), a consistent value in the measured free fraction was obtained. However, this increase in time also created a loss in precision for the measured free fraction as the overall peak area for the transferred drug was decreased. These combined effects led to the use of intermediate times for the switching event that provided both good accuracy and reasonable precisions for the measured free fractions [11] . For quinidine, the final switching time that was employed was 0.40 min. The switching times that were optimized and selected for the other drugs were 0.6 min for diazepam, 1.5 min for acetohexamide, 1.2 min for tolbutamide, and 0.7 min for gliclazide.
Measurement of free fractions and binding of drugs to HSA in serum
The use of ultrafast affinity extraction with the optimized two-dimensional system was next used to measure the free fractions for various drugs that were present at typical therapeutic concentrations in serum from various sources. The results are summarized in Table 2 . These free fractions were in the general range of 0.7-9.5 % for all of the drugs and serum samples that were tested. The corresponding free drug concentrations that were measured ranged from 0.02-0.03 μM for diazepam to 6.7-10.8 μM for tolbutamide. The two-dimensional affinity method based on ultrafast affinity extraction gave good absolute precisions for its measured free fractions (±0.07-0.80 %), as well as reasonable relative precisions (±6.2-28 %). The limits of detection for the free drug concentrations in this method, as estimated at a signalto-noise ratio of three and based on absorbance detection, were as follows: diazepam, 0.006-0.008 μM; quinidine, 0.11-0.16 μM; gliclazide, 0.04-0.19 μM; acetohexamide, 0.05 μM; and tolbutamide, 0.11 μM. These k d values were measured at pH 7.4 and at 37°C. The injected samples contained 10 μM of a given drug and 20 μM HSA. The values in the parentheses represent a range of ±1 SD, as determined through error propagation from the slopes of the best-fit lines that were obtained according to Eq. (1) a These k d values, as measured by ultrafast affinity extractions, were previously reported in ref. [3] When the results of the system based on ultrafast affinity extraction were compared to those measured by ultrafiltration, an absolute difference of 0.5 % or less was obtained (average difference, 0.08 %). Most of the free fractions obtained by ultrafast affinity extraction were equivalent at the 95 % confidence level to those measured by ultrafiltration. The only exception was the result that was measured for acetohexamide with the sample of normal human serum 1; however, even in this case, the absolute difference in the values was only 0.29 %. Both methods gave similar trends in the free drug fractions when going from one sample to the next. For instance, as the HSA content in the normal serum samples decreased from 42 to 33 g/L, a 1.2-to 1.6-fold increase in the free drug fractions was observed with each of these two methods. Both methods also gave a decrease in the measured free fractions of the three sulfonylurea drugs (i.e., a change of 0.6-to 0.8-fold) when comparing the pooled serum from diabetic patients versus the normal serum sample with a similar HSA content (i.e., normal human serum 1). This latter trend agrees with previous studies which have found that glycationrelated modifications on HSA, as occurs in diabetes, can lead to a change in the binding of sulfonylurea drugs with this protein and in the free fractions of these drugs [11, 32] .
The free drug fractions that were measured with the twodimensional affinity system were further used to estimate the binding constants for each drug with HSA in the serum samples. These binding constants were calculated by using Eq. (2), which can be used to provide the association equilibrium constant (K a ) for a system with single-site binding or the global affinity constant (nK a ′ ) for a system with multiple but independent binding sites [3, 10, 24] .
In this equation, F 0 is the free fraction for the drug that is measured in the absence of any appreciable drug-protein dissociation in the sample, while [D] and [P] are the concentrations of the drug and soluble protein in the original sample, respectively. For drugs such as diazepam and quinidine, which each have a single major binding site on HSA [1, 22, 42] , following the injection of a 5-μL sample of 10 μM quinidine onto the first column at 3.0 mL/min and (b) the apparent free drug fractions that were measured by using the same two-dimensional system and chromatographic conditions as in (a) with a sample that contained 10 μM quinidine and 600 μM HSA. All of the times shown are the elapsed interval after sample injection. The error bars represent a range of ±1 standard error of the mean (n=4). All of these measurements were made at pH 7.4 and 37°C These values were determined at 37°C. The values in parentheses were determined by error propagation and represent a range of ±1 SD (n=4). The normal human serum samples 1 and 2 had HSA contents of 42 and 33 g/L, respectively. The clinical sample had an HSA content of 44 g/L HPAC ultrafast affinity extraction based on high-performance affinity chromatography a The free fraction of diazepam in this sample was too small to be detected by ultrafiltration but could be detected by ultrafast affinity extraction on the two-dimensional system Eq. (2) can be used to provide the value of K a for these interactions. For tolbutamide, acetohexamide, and gliclazide, which each have two major binding sites on HSA [36] [37] [38] [39] , Eq. (2) would instead provide an estimate of the global affinity constant for these drug-protein interactions. Table 3 summarizes the values of K a or nK a ′ that were determined from the free drug fraction measurements. The relative precisions for these binding constants ranged from ±1.3 to 29 %. The values estimated for tolbutamide, acetohexamide, gliclazide, and quinidine and when using the normal serum samples were all consistent with previous binding constants that have been reported for these drugs with normal HSA and at the same temperature and pH [1, [36] [37] [38] [39] 44] ; these values were also consistent between the two normal serum samples. These particular results differed from the literature values by only 1.2-15.7 % (average difference, 7.2 %) or fell within the range of previously reported values (e.g., in the case of quinidine). The binding constants determined for diazepam with HSA in the two normal serum samples were also equivalent to each other and fell within the range of previous values that have been obtained with normal HSA at the same pH but at room temperature [20, 43] . In addition, all of the binding constants that were measured by ultrafast affinity extraction and the two-dimensional system agreed with the results that were obtained for the same samples of normal serum when using ultrafiltration (i.e., values that differed by 27 % or less, with an average difference of 5.2 %). Table 3 also shows the global affinity constants that were estimated for the three sulfonylurea drugs when using the pooled clinical sample from diabetic patients. These values were compared to those obtained with the sample of normal human serum 1, which had a similar HSA content to that of the diabetic sample (i.e., 42 versus 44 g/L). It was found that the global affinity constants for the clinical sample increased by 1.4-to 1.6-fold for acetohexamide and gliclazide versus the values that were acquired for normal human serum 1. These differences were significant at the 95 % confidence level. For tolbutamide, going from the sample of normal human serum 1 to the clinical sample also gave an apparent increase of 1.2-fold in the global affinity constant; however, this change was not significant at the 95 % confidence level. These trends were consistent with those seen in previous studies that have been carried out with the same drugs and in vivo samples of glycated HSA, as isolated from diabetic patients [32] . In addition, each of these binding constants showed good agreement with the value that was obtained for the same clinical sample when using ultrafiltration (i.e., results that differed by 11 % or less and that had an average difference of 5.9 %).
Conclusion
This study used ultrafast affinity extraction and a twodimensional affinity system to measure free drug fractions and to study drug-protein interactions in serum. Several model drugs, which represented a relatively wide range of therapeutic concentrations and affinities for HSA, were used to test and illustrate this approach. Various factors were considered when optimizing this system to measure free drug fractions in serum and at typical therapeutic concentrations. These factors included the flow rates and column sizes that were used for extraction of the free drug fraction and the times at which the affinity extraction column was placed on-line with a larger affinity column for use in further isolating and measuring the retained free fraction.
The free fractions that were estimated for each drug by this approach were in good agreement with the results measured by ultrafiltration. The binding constants that were determined from the same data also agreed with those obtained by The HPAC and ultrafiltration values were determined at 37°C. The values in parentheses were determined by error propagation and represent a range of ±1 SD (n=4). The serum samples were the same as used in Table 2 HPAC ultrafast affinity extraction based on high-performance affinity chromatography a The free fraction of diazepam in this sample was too small to be detected by ultrafiltration but could be detected by ultrafast affinity extraction on the two-dimensional system b These literature values were determined at pH 7.4 and room temperature c These values were obtained by using the binding stoichiometries and association equilibrium constants that have been estimated at pH 7.4 and 37°C for the given drugs at Sudlow sites I and II [31, 32, 35, 36] . A similar range of values has been reported in refs. [3, 11] ultrafiltration and with literature values. However, the approach based on ultrafast affinity extraction had several advantages over traditional methods for free drug measurements and for drug-protein binding studies. For instance, this method required much smaller sample volumes than ultrafiltration or equilibrium dialysis (i.e., 1-5 μL per injection versus at least 1 mL per analysis) [3, 10, 11, 24] . The use of HSA microcolumns in this method made it possible to examine a variety of drugs and to isolate the free fractions of these drugs in 333-665 ms or less. In addition, the use of these columns in a two-dimensional affinity system provided results within 5-10 min of sample injection. The limits of detection for the free drug concentrations were in the range of 0.006-3.8 μM (i.e., based on absorbance detection), and free fractions in serum could be measured at levels down to at least 0.7 %. It was also shown how these free fractions could be used to examine the binding by drugs with soluble proteins in serum samples. This report indicated that a two-dimensional affinity system using HSA microcolumns could be used to measure the free fractions of the model drugs in various serum samples. Although this study involved optimization of the system for each drug that was examined, it should be possible in the future to employ the trends that were observed in this study to adapt this approach for use with other drugs or solutes. Examples of other possible candidates for this technique include low mass hormones and fatty acids which can bind to HSA [1, 16, 21] . It should be further possible to develop microcolumns for ultrafast affinity extraction that contain other types of immobilized binding agents (e.g., alpha 1 -acid glycoprotein), which would allow this approach to be extended to an even greater range of drugs and solutes [4, 32] . These developments, in turn, should continue to increase the flexibility and applications of ultrafast affinity extraction in such areas as clinical testing, pharmaceutical analysis, and biomedical research.
